Saudi Arabia's indigenous population is organized into patrilineal descent groups, but to date, little has been done to characterize its population structure, in particular with respect to the male-specific region of the Y chromosome. We have used the 27-STR Yfiler® Plus kit to generate haplotypes in 597 unrelated Saudi males, classified into five geographical regions (North, South, Central, East and West). Overall, Yfiler® Plus provides a good discrimination capacity of 95.3%, but this is greatly reduced (74.7%) when considering the reduced Yfiler® set of 17 Y-STRs, justifying the use of the expanded set of markers in this population. Comparison of the five geographical divisions reveals striking differences, with low diversity and similar haplotype spectra in the Central and Northern regions, and high diversity and similar haplotype spectra in the East and West. These patterns likely reflect the geographical isolation of the desert heartland of the peninsula, and the proximity to the sea of the Eastern and Western areas, and consequent historical immigration. We predicted haplogroups from Y-STR haplotypes, testing the performance of prediction by using a large independent set of Saudi Arabian Y-STR+Y-SNP data. Prediction indicated predominance (71%) of haplogroup J1, which was significantly more common in Central, Northern and Southern groups than in East and West, and formed a star-like expansion cluster in a median-joining network with an estimated age of ~2800 years. Most of our 597 participants were sampled within Saudi Arabia itself, but ~16% were sampled in the UK. Despite matching these two groups by home sub-region, we observed significant differences in haplotype and predicted haplogroup constitutions overall, and for most subregions individually. This suggests social structure influencing the probability of leaving Saudi Arabia, correlated with different Y-chromosome compositions. The UK-recruited sample is an inappropriate proxy for Saudi Arabia generally, and caution is needed when considering expatriate groups as representative of country of origin. Our study shows the importance of geographical and social structuring that may affect the utility of forensic databases and the interpretation of Y-STR profiles.
Introduction
Saudi Arabia is the largest country in the Arabian Peninsula. Its population of ~32 million people is distributed highly non-uniformly ( Figure 1 ), with very low densities in its large desert areas, but high densities concentrated around a small number of cities. Its indigenous Arab people (~63% of the population; www.stats.gov.sa, accessed 12/07/17) are historically organized into geographically-differentiated patrilineal descent groups, or tribes [1] , with a tradition of consanguinity [2] . This geographical and social organization might be expected to have an effect on patterns of genetic diversity, particularly regarding the male-specific region of the Y chromosome (MSY), which in turn could have implications in interpretation of DNA profiles.
Genetic studies on Saudi Arabia to date are limited. Exome sequencing of a set of samples from the Arabian Peninsula including Saudi individuals demonstrated relatively high inbreeding coefficients [3] , consistent with a history of consanguineous marriage. A general analysis of Saudi Arabian mitochondrial DNA (mtDNA) diversity [4] showed a pattern of haplogroups similar to that of other Arabian Peninsula samples. In another mtDNA-based study [5] -the only example to divide Saudi Arabia sub-regionally -central, northern, western and southeastern sub-groups formed a single cluster in a multi-dimensional scaling (MDS) analysis when compared to other Arabian Peninsula samples, but also presented significant inter-group differences. Ychromosome studies have analysed the seven Y-STRs defining the minimal haplotype [6] , or haplogroup-defining SNPs together with 17 Y-STRs (Yfiler®) for one specific haplogroup [7] . The first of these [6] revealed lower diversity in Saudi Arabia than in populations from outside the Arabian Peninsula, and affinity between Saudi Arabia and Yemen, which together were strongly differentiated from Oman and Dubai. It was speculated that this might be due to the influence of patrilineal descent and polygyny. The second study [7] showed that haplogroup J1 was the most prominent lineage (42%) in the Saudi Arabian sample studied, and that genetic distances based on haplogroup frequencies were relatively small among Arabian Peninsula samples. The focus of Y-STR typing on one lineage precludes any population-based conclusions on haplotype 4 diversity from this study.
To date, therefore, while some general studies have been carried out, little has been done to characterize population structure within Saudi Arabia.
Knowledge of any such structure is important in the interpretation of the significance of DNA-based forensic evidence, and in the construction of appropriate databases. Here, we use the 27 Y-chromosomal short-tandem repeats (Y-STRs) in the Yfiler® Plus kit to characterize haplotypes in 597 Saudi males sub-divided by geographical region. We consider the relationships of Ychromosome diversity between regions within the country and also between Saudi Arabia and other surrounding populations. Finally, we compare the spectrum of Y-chromosome types in males recruited within Saudi Arabia with that of regionally-matched males recruited in the United Kingdom, to ask if social structuring also influences patterns of Y-haplotype diversity.
Materials and Methods

DNA sampling
Five hundred and ninety-seven DNA samples were collected from indigenous Saudi Arabian males who were ethnically and linguistically Arabic. Of these, 503
were extracted from blood spots on FTA cards (Whatman, UK), sampled from individuals recruited within Saudi Arabia itself. The remaining 94 were extracted from buccal swabs [8] , or from saliva samples via the Oragene kit (DNA
Analysis of diversity via network analysis and haplogroup prediction
In order to understand the relationships between Y-STR haplotypes in the dataset, we constructed a median-joining network (Figure 3a) . Based on NevGen predictions (Materials & Methods), haplogroups were assigned to haplotypes within the network (Table S1 ). Most predicted haplogroups form coherent clusters, with the exception of haplogroup E1b1b, which forms two wellseparated clusters, possibly indicating distinct sub-lineages that cannot be reliably distinguished by the prediction method used; the same split of haplogroup E1b1b is seen in a network containing the FamilyTreeDNA haplotypes of known haplogroup ( Figure S1 ). Network sub-structures for most haplogroups are generally extended, although a cluster of related haplotypes exists among the predicted haplogroup E1b1b chromosomes. However, the network's major feature is a central star-like cluster of closely related haplotypes assigned to haplogroup J1 (71% of the total sample), suggesting a recent expansion for this set of lineages. We estimated the TMRCA of this cluster using the average-squared distance method and a mean pedigree-based STR mutation rate. Considering the total set of 23 non-duplicated Y-STRs, this yields a TMRCA of 2494±487 years; removal of rapidly-mutating markers, which might be expected to bias the estimate, reduces the number of STRs to 18 and increases the age slightly to 2754±389 years. Application of the same methods to the FamilyTreeDNA dataset of confirmed haplogroup J1 haplotypes yields very similar estimates, for example 2783±394 years for the reduced set of 18 Y-STRs.
It is worth noting that use of the so-called 'evolutionary' average mutation rate of 6.9 x 10 -4 per STR per generation [27] yields greatly elevated and very divergent TMRCA estimates for 23 and 18 Y-STRs in our own dataset of 19,835±3874 years and 9809±1916 years respectively. Figure S3 shows the same network, but with haplotypes coloured by region of origin. There is little evidence from inspecting this network of geographical substructuring, although the haplogroup E1b1b sub-cluster mentioned above is mostly formed by Western samples. Table 2 and Figure 3b present predicted haplogroup distributions for the geographically defined sub-11 samples. One striking feature is the difference in the frequency of predicted haplogroup J1 in the Northern+Central+Southern samples (93% collectively) than that in the Eastern+Western pair (50%; exact test p<0.001); on the other hand, the latter pair has a significantly higher frequency of predicted haplogroup E1b1b (19% vs 6%; exact test p<0.001). Considering gene diversity values from haplogroup frequencies (Table 2 ), the Northern+Central pair shows significantly lower diversity than the Southern sample, which in turn is significantly lower than the Eastern+Western pair (p<0.05).
Comparison of cohorts recruited in Saudi Arabia and the UK
Of our 597 samples, 94 (~16%) were recruited not in Saudi Arabia itself, but in the UK. To ask whether place of recruitment influenced the spectrum of haplotypes observed, we compared Y-STR haplotype diversities in the two differently recruited samples (Table S2) , considering the same parameters as in Table 1 . In the Saudi-recruited sample, both the proportion of unique haplotypes (~90%) and the discrimination capacity (~95%) are similar to the corresponding values in the cohort as a whole (~91% and ~95%). However, the UK-recruited sample shows much higher values -~98% and 99% respectively, indicating that this mode of recruitment is sampling a more diverse subset of the Saudi Arabian population, despite the two groups being geographically matched. (Table S3) for the Saudi-and UK-recruited samples from Central, Western, and Southern regions (p≤0.02). For the North, the difference is not significant, probably due to the small sample size (n=10) of the UK-recruited sample. For the East, however, the corresponding sample size is larger (n=17), and the lack of significant difference (p=0.795) probably indicates true homogeneity of the Saudi-and UK-recruited samples for this region.
Discussion
In this study, we have determined the Yfiler® Plus haplotypes of a set of 597 Saudi Arabian males, and also considered how haplotype composition is affected by division into five geographically-defined sub-groups, and by two different countries of recruitment (Saudi Arabia itself, and the United Kingdom).
The Yfiler® Plus system provides a discrimination capacity of 95.3% in the overall sample, which, while lower than that for US Caucasian, US Hispanic [9] ; NevGen: http://www.nevgen.org). Evaluating prediction methods is not straightforward because some have been produced by the genetic genealogy community and are therefore not published in mainstream journals [9, 31] or peer reviewed (YPredictor; NevGen); exact methodology is sometimes unclear.
There has been debate about the accuracy of prediction; for example, criticism
[32] of one widely used method [9] , was counter-criticized [33] for using only 7 13 Y-STRs in evaluation. It seems clear that the larger the number of STRs, the better, and here we have used 21 STRs from the Yfiler® Plus set. In addition, any prediction method is only as good as the Y-SNP+Y-STR comparative datasets it uses for training or classification, and sometimes these are not well describedcomparative datasets that are too small, or that do not include populations appropriate to the sample being predicted, may give unreliable results. In order to address this problem, we used a large set of independent Y-SNP+Y-STR data from the same population (Saudi Arabia) as that under study to test prediction performance. The chosen method, NevGen, performs well, and provides a >99% accuracy in our sample, but we recognize the need to undertake SNP typing for definitive haplogroup determination [34] .
The median-joining network of haplotypes ( Figure 3a) exhibits a large central star-like cluster that corresponds to predicted haplogroup J1, and contains many of the identical or highly similar haplotypes. Such features are commonly interpreted as past male-lineage expansions [35] . Star-like features of haplotypes comprising haplogroup J1 have been reported before in specific Arabian populations [36] and in broader Middle Eastern samples [37] .
Interpretations of its origins initially focused on the 7 th -century Muslim expansion [38] , and were supported by some later studies [39] , but some other authors have interpreted it in terms of much earlier spread in the Neolithic [37, 40] followed by Bronze Age expansion in the Arabian Peninsula [37] . The age of the expansion is clearly crucial, and this in turn is affected by the method chosen, but most strongly by the choice of mutation rate. The mean 'evolutionary' rate of 6.9 x 10 -4 mutations per generation [27] has been widely used [7, 37, 40] , and has been reported as performing better the directly-determined 'pedigree' rate for the dating of ancient events such as the coalescence of the whole Y phylogeny [15, 41] . However, this rate was estimated from a relatively small set of 7-10 STRs [27], not including RM-YSTRs, so certainly cannot be universally applied.
Furthermore, for haplogroups showing star-like patterns in networks, and for which Y-chromosome resequencing data indicate recent TMRCAs (<10 thousand years), the pedigree mutation rate has been shown to perform best [15] . We therefore used this rate, and obtain a TMRCA for predicted haplogroup J1 of around 2800 years. This is several-fold younger than published estimates [7, 37, 14 40] , and if correct, suggests late Bronze Age dispersion, possibly followed by later spread during the Islamic expansion.
Aside from the dominant predicted haplogroup J1, the range of other predicted lineages (Table 2, Table S3 ) is similar to that seen in a previous Y-SNPbased study of Saudi Arabia [7] . However, the frequency of these haplogroups differs very significantly between our sample and the published sample [7] ( Figure 4b , Table S3 ). This suggests that there is considerable Saudi Arabian heterogeneity, and that the sub-populations sampled in these two studies are very different. Such heterogeneity is confirmed when we subdivide our sample into five geographical regions. In both Y-STR- (Figure 2b , Table 1 ) and predictedhaplogroup-based ( Figure 3b , Table 2 ) comparisons, the Central and Northern regions are highly similar in composition, and, surprisingly, the Eastern and Western samples are also highly similar. The Central + Northern pair is highly diverged from the Eastern + Western pair. The Southern region is somewhat distinct from all other regions with respect to both its spectrum of predicted haplogroups ( Figure 3b , Table 2 ) and Y-STR haplotypes (Figure 2b ). Considering discrimination capacity at the level of Yfiler® (Table 1) shown by comparing predicted haplogroup distributions ( Table 2 ). The low diversity and similarity of Central and Northern areas reflect their relative geographical isolation within the desert heartland of the country, and possible bottleneck associated with the onset of desertification around 3000 years ago [42] . By contrast, the relatively high diversity of the Eastern and Western areas reflects their closeness to the sea and outside influences from other populations that may historically have brought in migrants.
While most of our 597 participants were contacted and recruited within Saudi Arabia itself, about 16% were recruited in the UK. Despite attempting to match the two groups by geographical sub-region, there are significant differences in the haplotype and predicted haplogroup constitutions of these two groups overall (Figure 4a, Table S2, Table S3 ), and for the Central, Southern and Western sub-groups in particular. The UK-recruited sample size for the Northern region is very small so it is hard to draw any conclusion, while for the Eastern 15 region the two differently-recruited sub-samples seem genuinely similar in composition. Taken together, this suggests that there is social structure in the country, which influences the probability of males leaving Saudi Arabia and undertaking study in the UK, and that this structure correlates with different sub-groups having different haplotype compositions. This social structuring appears to be less marked in the East of the country than elsewhere. It means that the UK-recruited sample is an inappropriate proxy for Saudi Arabia generally, and indicates that caution is needed when considering expatriate groups as representative of their country of origin.
The strong geographical and social structure we have observed in Saudi Arabia has important implications for the interpretation of Y-STR profiles in casework. Geographically appropriate databases must be used for assessment of evidential weight, and more work should be done to understand the social structuring reflected in the two differently recruited cohorts. Given the patrilineal descent structures of the tribal system, analysis of tribal names and surnames together with Y haplotypes should be illuminating. Other triballybased Middle Eastern countries may also show marked population structure.
It will also be important to ask whether autosomal STR diversity is affected by the same factors that give rise to low diversity and a high degree of population structure among Y-haplotypes in Saudi Arabia. Sex-bias in population structure could also be addressed using maternally-inherited mtDNA. Indeed, inspection of a published study in which the country is subdivided [5] Y-STR haplotypes from the same country ('Saudi Arabia' [6] ), and other datasets from the Arabian peninsula: Iraq (n=249; YHRD data), Jordan (n=254 [43] ), Kuwait (n=645 [44, 45] ), Oman (n=262 [6] ), Qatar (n=46 [46] ), UAE (n=684 [6, 47] ), Yemen (n=375 [6] , plus YHRD data). the haplogroup distribution in the total dataset (top) with that in published data [7] (bottom), with the p-value of the population differentiation test given. Comparison with other datasets required reduction of the number of STRs to a shared set of nine. a) Comparison of our total dataset (KSA) with an independent dataset of 106 haplotypes from the same country ('Saudi Arabia' - [1] ), and other datasets from the Arabian Peninsula: Iraq (n=249; YHRD data), Jordan (n=254 [2] ), Kuwait (n=645 [3, 4] ), Oman (n=262 [1] ), Qatar (n=46 [5] ), UAE (n=684 [1, 6] ), Yemen (n=375 [1] , plus YHRD data), plus a geographically broad dataset from the Arabian Peninsula and additional surrounding nations (Djibouti (n=54; YHRD data), Egypt (n=289 [7] ), Eritrea (n=161 [8] ), Ethiopia (n=275 [8] ), Iran (n=1887 [1, 9, 10] ), Somalia (n=201 [11] ), Sudan (n=64 [12] ).
Tables
b)
Comparison of our dataset divided into ve geographical sub-groups (KSA-N, -S, -E, -W, -C) with other datasets as in part (a). DYS391  DYS392  DYS393  DYS437  DYS438  DYS439  DYS448  DYS449  DYS456  DYS458  DYS460  DYS481  DYS518  DYS533  DYS570  DYS576  DYS627  DYS635  YGATAH4   Nevgen predicted   haplogroup b   Haplogroup  probability   Haplogroup  fitness   E96  SA   38,39  14  16,17  14  31  24  10  11  13  14  10  12  20  30  16  17  10  24  37  10  19  19  18  21  11  E1b1b  100  37.07   E97  SA   36,39  15  12,14  13  30  25  10  11  13  14  11  11  21  32  15  16  12  23  39  12  19  19  17  23  13  R1a  100  41.44   E98  SA   37,37  14  14,18  13  31  23  11  11  12  14  10  11  20  25  14  20.2  10  26  40  12  18  17  21  21  11  J1  100  44.81   E99  SA   36,38  14  13,18  13  29  23  11  11  12  14  10  11  20  25  14  18.2  11  25  39  11  19  19  21  22 DYS385a,b DYS389I DYS389II DYS390  DYS391  DYS392  DYS393  DYS437  DYS438  DYS439  DYS448  DYS449  DYS456  DYS458  DYS460  DYS481  DYS518  DYS533  DYS570  DYS576  DYS627  DYS635  YGATAH4   Nevgen predicted   haplogroup b   Haplogroup  probability   Haplogroup  fitness   N67  SA   37,38  14  13,18  13  30  23  11  11  12  14  10  11  20  25  14  18.2  11  25  38  11  18  19  22  21  11  J1  100  63.54   N69  SA   37,38  14  13,17  13  30  23  11  11  12  14  10  11  20  25  14  18.2  10  25  38  11  17  18  21  21  11  J1  100  59.14   N7  SA   38,38  14  13,18  13  29  24  10  11  12  14  10  11  20  25  14  18.2  10  24  38  11  17  17  21  21  11  J1  99.98  48.46   N70  SA   37,38  14  13,17  13  29  23  11  11  12  14  10  11  20  25  14  18.2  10  24  38  11  17  18  21  21  11  J1  100 DYS385a,b DYS389I DYS389II DYS390  DYS391  DYS392  DYS393  DYS437  DYS438  DYS439  DYS448  DYS449  DYS456  DYS458  DYS460  DYS481  DYS518  DYS533  DYS570  DYS576  DYS627  DYS635 DYS385a,b DYS389I DYS389II DYS390  DYS391  DYS392  DYS393  DYS437  DYS438  DYS439  DYS448  DYS449  DYS456  DYS458  DYS460  DYS481  DYS518  DYS533  DYS570  DYS576  DYS627  DYS635  YGATAH4 W63 SA DYS385a,b DYS389I DYS389II DYS390  DYS391  DYS392  DYS393  DYS437  DYS438  DYS439  DYS448  DYS449  DYS456  DYS458  DYS460  DYS481  DYS518  DYS533  DYS570  DYS576  DYS627  DYS635  YGATAH4   Nevgen predicted   haplogroup b   Haplogroup  probability   Haplogroup  fitness   W5  UK   37,37  14  13,18  13  30  23  11  11  12  14  10  11  20  25  14  18.2  10  24  40  12  18  18  19  21  11  J1  100  57.82   W6  UK   39,40  14  17,17  13  30  24  10  11  13  14  10  13  20  29  15  18  10  25  39  10  19  18  17  21  11  E1b1b  99.99  38.75   W7  UK 
